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Acid induced iron releaseThinﬁlms incorporating tannic acid and Fe3+ ions appear as a versatilemethod to coat almost all surfaces in a one
pot reaction or in a step-by-stepmanner. Both kinds of ﬁlms display different optical properties and the ﬁlms de-
posited in a step-by-step manner are more impermeable for FITC labeled dextran than the one pot deposited
equivalents. Herein, tannic acid is deposited in a step by-stepmanner with poly(ethyleneimine) to yield linearly
growing ﬁlms able to incorporate Fe3+ cations in an irreversible manner and in an amount which is proportional
to the ﬁlm thickness. The stoichiometry of iron/tannic acid in the ﬁlmwas found to be close to 10when the ﬁlms
were incubated with Fe(NO3)3. 9 H2O at 2.48 × 10−3 mol·L−1. This exceptional loading capacity may be
exploited for environmental purposes. Cu2+ cations can also be loaded in the ﬁlms.
© 2014 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).The part of surface science research devoted to ﬁnd and to optimize
coatings able to coat a broad range of materials has experienced a huge
rise in the last years after the discovery of “polydopamine” ﬁlms [1] and
more recently the ability to coat a large repertoire of surfaces by putting
them in contact with freshly prepared mixtures of tannic acid (or other
polyphenols) and FeCl3 [2,3]. The “polydopamine” (PDA) coatings are
not only able to coat the surface of all known materials but they also
offer the possibility for many postfunctionalization schemes: the possi-
bility to graft thiol terminated self-assembled monolayers [1], to bind
proteins through their amino groups on oxidized quinone groups of
PDA [4,5], to reduce metal cations in order to deposit metallic nanopar-
ticles [6]. The application ﬁeld of “polydopamine” ﬁlms has been
reviewed [7]. Recently, it has been discovered that the universality of
the surface coating is conserved by putting the substrate of interest in
contactwith amixture of tannic acid and FeCl3 to yield uniform coatings
a few nm thick in a few seconds of contact and in a one pot manner [2].
This process can be reiterated to increase the thickness in a step-by-step
manner in these mixed “Tannic acid–Fe” ﬁlms. Fe3+ and tannic acid
containing ﬁlms can also be obtained by putting the substrates in con-
tact with tannic acid and a FeCl3·6H2O solution [8]. These ﬁlms are
said to be obtained in a “coordination-driven multistep assembly”. The
success of the “polydopamine”, the “Tannic acid–Fe” and the “coordina-
tion-drivenmultistep assemblies” relies on the large bindingmodalitiese, 8 rue Sainte Elisabeth, 67000
. This is an open access article under(coordination chemistry, hydrogen bonding) of catechols, oxidized cat-
echols and polyphenols. Among a major interest is the ability to use
“polydopamine” or polyphenol containing ﬁlms for environmental sci-
ence owing to the large spectrum of binding capacities and binding af-
ﬁnities of these materials for cations [9]. But in this case the
polyphenols or catechols have to remain accessible to the solution put
in contact with the coatings; this is not the case for the “Tannic acid–
Fe” ﬁlms nor for the “coordination-driven multistep assemblies” be-
cause the metal cations are building blocks of the coating. Herein, the
aim is to show that Fe3+ cations can be incorporated in tannic acid
(TA) containing ﬁlms in a postﬁlm preparation method. Relying on
themultifunctionality of tannic acid it is expected that the deprotonated
groups of TA will allow for a step by step-deposition with a polycation
like poly(ethyleneimine) (PEI). However, the occurrence of a strong
negative charge is unexpected on TA in the presence of sodium acetate
buffer at pH 5.0, which is signiﬁcantly lower than the average pKa of TA,
namely 8.5 [10]. Nevertheless, the feasibility of step-by-step deposition
using tannic acid as one of the building blocks of the assembly has al-
ready been demonstrated [10,11] and is most probably due to a PEI in-
duced change in the average pKa of TA. The capacity of such coatings to
load Fe3+ (andCu2+) has never been shown. This is the aimof this com-
munication. It is expected that the remaining part of the deprotonated
groups of the polyphenolic structure will remain available in the bulk
of the ﬁlm to interact with Fe3+ cations.
Quartz crystal microbalance with dissipation (QCM-D, see Supple-
mentary data for the experimental details) monitoring experiments
showed that the step-by-step deposition of PEI (1 mg·mL−1) and TAthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pH 5.0 (Fig. 1). It appears that the largest frequency changes, and
hence the largest overall (hydration water and molecules of interest)
mass deposition occurs when TA is injected in the cell. The dissipation
increases during both the deposition of TA and PEI but the changes are
more pronounced during the deposition of the polycation, suggesting
an increased hydration/swelling of the ﬁlm than during the adsorption
of TA. Overall, during the 4 deposition cycles, the dissipation remains
low (b5 × 10−6) and as a consequence the frequency changes mea-
sured at the different overtones of the quartz crystal almost overlap, in-
dicating that thewhole ﬁlm is rigid. This allows the use of the Sauerbrey
equation (see Supplementary data) to estimate the global deposited
mass per unit area as well as the thickness of the (PEI-TA)4 ﬁlm.
The dissipation change for the 3rd overtone is represented in part B.
The injection of a Fe(NO3)3·9H2O solution (1 mg·mL−1 i.e.
2.48 × 10−3 mol·L−1) and the ﬁnal rinsing step with sodium acetate
buffer are represented with a green and blue vertical line respectively.
The application of the Sauerbrey equation yields to a depositedmass
of 2.37, 2.31 and 2.26 μg·cm−2 using the frequency changes at the 3rd,
5th and 7th overtones respectively. These values correspond to a ﬁlm
thickness of 18–22 nm depending on the mass density of the ﬁlmFig. 1. A: Monitoring of the deposition of a (PEI-TA)4 ﬁlm (in the presence of 50 mM
sodium acetate buffer at pH 5.0) by means of QCM-D. Both PEI and TA were dissolved at
1 mg·mL−1. The injection of both species is indicated with labels, the structure of TA is
also indicated. Frequency changes of the quartz crystal are plotted at the 3rd (___), 5th
( ) and 7th ( ) overtones of the quartz crystal.(assumed to lie between 1.1 and 1.3 g·cm−3). During injection of a
1 mg·mL−1 (2.48 × 10−3 mol·L−1) Fe(NO3)3 solution in the presence
of the same buffer, the resonance frequency of the quartz crystal mark-
edly decreases whereas the dissipation increases. This trend is even
more pronounced after buffer rinse, indicating a swelling process of
the ﬁlm. This swelling has been conﬁrmed by means of ATR-FTIR spec-
troscopy (Fig. S2): the absorbance due to the stretching of water –OH
bonds (3000–3600 cm−1) slightly increases when the Fe3+ loaded
ﬁlms are exposed to the sodium acetate buffer. Such a swelling process
is not unexpected due to an increase in the ﬁlm's osmotic pressure and
some inﬂux of water as well as some counter-anions from the solution.
Even if the water uptake from the ﬁlm is measurable by FTIR spectros-
copy but small, it has a major effect in both the frequency and the dissi-
pation changes recorded by means of QCM-D, meaning that the slight
swelling has a major inﬂuence on the viscoelastic properties of the
(PEI-TA)n ﬁlms.
If the Fe3+ containing solution is left in contact with the ﬁlm for lon-
ger times than 5 min, the frequency changes are extremely small (less
than 0.5 Hz) showing that this incubation time is sufﬁcient to reach sat-
uration in Fe3+ binding. Higher concentrations in Fe3+ allow the satura-
tion to reach in less time but the overall frequency and dissipation
changes are not affected (data not shown). When the ﬁlms are ended
with the deposition of PEI, their binding capacity for Fe3+ is not altered
but the kinetics of frequency and dissipation changes are slower, taking
typically 10min to reach a steady state. Note that the (PEI-TA)n ﬁlms are
also able to incorporate Cu2+ cations from a 2.48 × 10−3 mol·L−1
CuSO4 solution (dissolved in the sodium acetate buffer), the reduced
frequency change is even larger (57 ± 3 Hz) than with Fe3+ cations
(14 ± 2 Hz) (Fig. S1 in the Supplementary data). However the impor-
tant ﬁlm swelling found in the case of Fe3+ cations and the correspond-
ing increase in dissipation asmeasured by QCM-D is not observedwhen
the ﬁlms are loaded with Cu2+ cations (Fig. S1). This will be the subject
of future investigations but may well be due to the lower charge of the
Cu2+ cationswhen compared to Fe3+ cations. In addition the frequency
changes are also due to changes in ﬁlm hydration and can hence not be
directly related to the amount of incorporated cations. It is however
clear that (PEI-TA)n ﬁlms are able to incorporate both Fe3+ and Cu2+
cations.
The deposition of the (PEI-TA)n ﬁlms (5min per deposition stepwas
found to be sufﬁcient based on the QCM-D data, Fig. 1) was also moni-
tored by means of ellipsometry (Fig. 2A), AFM (Fig. 2B) and UV–vis
spectroscopy (Fig. 3A). From independent experiments, the thickness
increment was found to be of (6.0 ± 0.5) nm per layer pair and the ab-
sorbance increase at λ= 325 nmwas of (0.066 ± 0.005) per layer pair
(Fig. 3A). The peak at 325 nm is due to TA. It has to be noted that the ab-
sorbance of TA is shifted to higher wavelengths when it is in contact
with PEI, indeed solutions of TA in sodium acetate buffer display an ab-
sorbancemaximumat λ=275 nm(Fig. 3B). This shows that TA ismore
deprotonated in the presence of PEI than in the solution i.e. it has under-
gone a pKa shift, as suggested earlier in this article. This is a pretty com-
mon phenomenon for weak acids in polyelectrolyte multilayered ﬁlms
[12]. Assuming that the extinction coefﬁcient of TA is not modiﬁed in
the ﬁlm with respect to the solution, as done by others [8], the calibra-
tion curve obtained in Fig. 3B (slope = 7.67 × 104 L·mol−1, r2 =
0.996) can be used to estimate the concentration of TA in the ﬁlm
since PEI does not absorb light in the 270–330 nmwavelength interval.
This yields CTAlayer pair = 0.066 / (7.67 × 104) = 8.61 × 10−7 mol·L−1
per layer pair. The uncertainty in this concentration value is of the
order of 25% based on the almost absence of change in the integrated
area of the absorption band between 250 and 390 nmupon pH titration
from 3 to 10, when TA undergoes an almost complete deprotonation.
During this titration, the absorbance at 325 nm increases by about
25%, the dilution effects due to the addition of concentrated NaOH
being taken into account.
The UV–vis spectra of the (PEI-TA)n ﬁlms also show that the absor-
bance increases markedly when the ﬁlms are put in contact with a
Fig. 2.Deposition of (PEI-TA)n ﬁlms (5 min per deposition step from PEI and TA solutions at 1 mg·mL−1 in the presence of 50mM sodium acetate) as recorded bymeans of ellipsometry
(A) for two independent experiments inwhich the ﬁlmswere characterized at different steps of the deposition (drying is required before characterization): -–○——6.09 nmper layer pair
(r2= 0.993), ___●___ 5.68 nmper layer pair (r2= 0.995). The lines correspond to the results of the linear regressions to the data and the error bars correspond to one standard deviation
over 5 measurements on each sample. B: ﬁlm morphology of a (PEI-TA)6 ﬁlm as obtained by AFM in the contact mode and in the dry state, RMS roughness: 8.9 nm.
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buffer and ﬁnally dried. In addition the absorbance at longer wave-
lengths also increases after incubation of the ﬁlms with Fe(NO3)3. This
may be either due to the consequences of a swelling process (as seen
in the FTIR and in the QCM-D experiments, Fig. 1) inducing some het-
erogeneities in the ﬁlm and hence some light losses due to scattering
or to speciﬁc metal to ligand (MLCT) charge transfer bands between
Fe3+ and TA. Such bands are however expected to be centered at
λ≈ 550 nmas shown for the “Tannic acid–Fe” ﬁlms [2]. The absorbance
spectra of the (PEI-TA)6 ﬁlms loadedwith Fe3+ cations are very close to
those obtained for ﬁlms obtained by the sequential deposition of TA and
FeCl3 solutions [8].
To quantify the amount of Fe3+ cations loaded irreversibly in the
(PEI-TA)n ﬁlms (QCM-D experiments as those in Fig. 1 showed that a
longer rinse with sodium acetate buffer did not induce some signiﬁcantFig. 3.A: UV–vis spectra of (PEI-TA)n ﬁlms (5min per deposition step from PEI and TA solutions
layer pairs, n=6 layer pairs) and evolution of the absorbance (inset) due to TA present in t
layer pair (r2 = 0.997) and ___●___ 0.069 absorbance units per layer pair (r2 = 0.980). The ﬁ
Fe(NO3)3 solution for 5 min, rinsed with acetate buffer, dried and characterized by UV–vis spec
at pH=5.0 (____ 5× 10−3mg·mL−1, 1.0 × 10−2mg·mL−1, 1.5 × 10−2mg·mL−1,
at 275 nm versus the TA concentration (in the inset, slope = 45.06 ml·mg−1 = 7.67 × 104 L·mdesorption), we put the ﬁlms in contact with 4 mL of buffer and added
0.1mLof concentratedHCl to reach pH1 atwhich TA is fully protonated.
This yielded an immediate and quantitative decomposition of the ﬁlm
(Fig. S3 of the Supplementary data). We then quantiﬁed the Fe3+ cat-
ions present in such solutions by the sodium thiocyanate complexation
method quantifying the absorbance at λ= 475 nm due to the dark red
[Fe(SCN)]2+ complexes. Some representative spectra of solutions (at
pH=1) containing different concentrations of Fe3+ cations in the pres-
ence of a large excess of NaSCN (50 mM) are displayed in Fig. 4 as well
as the spectra of solutions (2 mL) issued from the acid induced decom-
position of Fe3+ loaded (PEI-TA)n ﬁlms to which 2 mL of 100 mM
NaSCN was added. Clearly these solutions contain higher amounts of
Fe3+ cations when the number of layer pairs of the ﬁlm (and hence its
thickness) increases. The concentration in Fe3+ cations of those solu-
tions is indeed proportional to n, the number of deposited layer pairs,at 1mg·mL−1 in the presence of 50mM sodium acetate: ____ n=2 layer pairs, n=4
heﬁlm atλ=325nm for two independent experiments: -–○— 0.064 absorbance units per
lm made from n= 6 layer pairs was subsequently immersed in a 2.48 × 10−3 mol·L−1
troscopy ( ). B: spectra of TA solutions in the presence of 50mM sodium acetate buffer
2.5 × 10−2mg·mL−1, 5.0 × 10−2mg·mL−1) and calibration curve of the absorbance
ol−1, r2 = 0.996).
Fig. 4. Typical absorption spectra of Fe(NO3)3 solutions at pH=1 in the presence of a huge
excess (50 mM) in NaSCN: _____ 6.19 × 10−5 mol·L−1 and _ _ _ 1.55 × 10−4 mol·L−1 in
Fe(NO3)3 and typical spectra of 4.1 mL of solution issued from the acidic decomposition of
(PEI-TA)n ﬁlm (postloaded with Fe(NO3)3 at 2.48 × 10−3 mol·L−1 during 5 min) in the
case of n= 2 ( ), n = 4 ( ) and n= 6 ( ). The inset represents the increase in
absorbance at λ = 475 nm ([Fe(SCN)]2+ complexes) as a function of the number of
layer pairs in the (PEI-TA)n ﬁlms. Full line: linear regression to the data, dashed lines:
limits of the 95% conﬁdence interval.
4 V. Ball / Colloids and Interface Science Communications 3 (2014) 1–4showing clearly that the ﬁlm is homogeneously ﬁlled with metallic cat-
ions. The slope of the obtained straight line (inset of Fig. 4), 0.051 absor-
bance units per layer pair (r2 = 0.975) allows us to calculate the
concentration of the Fe3+ species in the ﬁlms (using the calibration
curve given in Fig. S4 of the Supplementary data). The calculation yields
(9.0 ± 1.0) × 10−6 mol·l−1 per layer pair. This result has to be com-
pared with the previous calculation of the concentration in TA inside
of the ﬁlms, 8.61 × 10−7 mol·L−1 (±25%) per layer pair. This means
that every TA molecule in the ﬁlm is able to complex about (10 ± 2.5)
Fe3+ cations. This is not unexpected owing to the strong afﬁnity of TA
for Fe3+ cations. It has to be noted that the solutions issued from the de-
composition of (PEI-TA)n ﬁlms loaded with Fe3+ cations not only dis-
play the absorbance due to the [Fe(SCN)]2+ complexes but also the
characteristic bands due to TA in very acidic conditions. These bands
are of course not present in the solutions containing a mixture of Fe3+
cations and SCN− anions (Fig. 4).
To additionally show the strong interactions between Fe3+ cations
and the (PEI-TA)n ﬁlms we performed some cyclic voltammetry exper-
iments (CV). The (PEI-TA)6 ﬁlms were deposited on a polished glassy
carbon electrode which capacitive current was measured in the
50 mM sodium acetate buffer. After that the electrode was immersed
during 5 min in a Fe(NO3)3 solution at 2.48 × 10−3 mol·L−1, rinsedwith buffer and a CV curve was acquired again. This curve was
undistinguishable from the capacitive curve, i.e. the reduction of the
Fe3+ cations present in the ﬁlm (according to the QCM-D and UV–vis
experiments) could not be detected, demonstrating that the cations
present in the ﬁlm are so tightly bound to TA that they are not accessible
to the electrode (Fig. S5 in the Supplementary data).
Overall, it has been demonstrated that (PEI-TA)n ﬁlms have a high
loading capacity, proportional to the ﬁlm thickness, for Fe3+ cations.
The loading is irreversible as long as the pH is higher than 2 showing
the high potential of such ﬁlms, of low cost and easy to prepare, for
water puriﬁcation purposes. This holds also true for Cu2+ cations even
if they were not quantiﬁed (Cu2+ can be determined by complexation
with ethylenediamine tetraacetic acid in basic conditions which do
not allow for a dissolution of the (PEI-TA)n ﬁlm). In the future, we will
try to expand this concept to gels containing tannic acid moieties and
allowing us to reversibly load/unload Fe3+ upon pH changes.
Ch. Ringwald is acknowledged for his technical support.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.colcom.2014.12.002.
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